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Activated microglia contribute to many neuroinflammatory diseases in the central nervous system.  In this 
study, we attempted to identify an anti-inflammatory compound that could suppress microglial activation.  
We performed high-throughput screening with a chemical library developed at our institute.  We performed 
a luciferase assay of nuclear factor-kappa B (NF-κB) reporter stable HT22 cells and identified a compound 
that was confirmed to inhibit the anti-inflammatory response in BV2 microglial cells.  The selected 
dihydropyridine derivative can suppress the expression response of interleukin-1β (IL-1β), interleukin-6 
(IL-6), and tumor necrosis factor (TNF), as well as NF-κB phosphorylation and nuclear translocation, and 
reduce the intracellular calcium level.  Thus, our identified compound has a potential role in suppressing 
microglial activation and may contribute to the development of a new therapeutic molecule against 
neuroinflammatory diseases.  
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Introduction
Retinal microglia in the eye have a role in the stages of 

normal development and also have a significant function in 
maintaining homeostasis in the mature retina.  However, in 
pathological conditions, activated microglia are involved in 
neurodegenerative eye diseases, such as glaucoma, retinitis 
pigmentosa, and age-related neurodegeneration, because 
they produce proinflammatory neurotoxic cytokines 
(Silverman and Wong 2018; Rathnasamy et al. 2019).  
Glaucoma is a particularly important disease, being the 
leading cause of blindness worldwide, with the estimated 
number of patients expected to reach 100 million by the 
year 2040 (Tham et al. 2014).  Glaucoma is characterized 
by optic neuropathy and the degeneration of retinal gan-

glion cells (RGCs) (Resnikoff et al. 2004).  Optic nerve 
degeneration and visual loss in glaucoma is irreversible, 
making it the source of unmet medical needs.  One thera-
peutic target is neuroinflammation caused by neurotoxic 
cytokines, which can directly injure RGCs and indirectly 
contribute to damage through RGCs (Tezel 2022).  

The most important glaucoma risk factor is elevated 
intraocular pressure (IOP), which is a trigger for glial acti-
vation in the optic nerve head and retina (Kwon et al. 
2009).  In a model of acute glaucoma based on induced 
high IOP in the eyes of mice, the toll-like receptor 4 
(TLR4)-mediated NLR family pyrin domain containing 1 
(NLRP1)/NLR family pyrin domain containing 3 (NLRP3) 
inflammasome pathway and interleukin-1β (IL-1β) pro-
moted RGC death (Chi et al. 2014).  In our IOP-
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independent optic nerve injury model, TLR4/Myd88 signal-
ing was activated in the retinal microglia (Sato et al. 2023).  
Genetic studies have also revealed that multiple variants in 
the TLR4 gene are associated with IOP-dependent and IOP-
independent glaucoma (Shibuya et al. 2008; Takano et al. 
2012; Navarro-Partida et al. 2017; Chen et al. 2019; Liu et 
al. 2020).  This accumulation of evidence suggests that the 
retinal microglia contribute to pathological mechanisms by 
expressing inflammatory cytokines in glaucoma.  Indeed, 
the intravitreal injection of tumor necrosis factor (TNF), a 
pathological cytokine in the retina, promotes optic nerve 
degeneration in the eyes of rats (Kitaoka et al. 2017).  In 
addition, TNF secreted from microglia promotes astrocyte 
activation to a neurotoxic state A1, and these A1 astrocytes 
induce RGC loss via saturated lipids and their synthesized 
enzyme, termed elongation of very long-chain fatty acids 
protein 1 (ELOVL1) (Liddelow et al. 2017; Burda and 
Sofroniew 2017; Guttenplan et al. 2021).  Recently, we also 
reported that retinal microglia are activated by optic nerve 
injury and that a subpopulation of G-protein coupled recep-
tor 84 (GPR84)-positive microglia highly express TNF, 
while the deletion of GPR84-positive microglia attenuates 
RGC death in mice (Sato et al. 2023).  These studies sug-
gest that activated retinal microglia are a therapeutic target 
and that the suppression of an excessive inflammatory 
response related to the retinal microglia could be a thera-
peutic approach to treat glaucoma.

In this study, we tried to uncover an anti-nuclear fac-
tor-kappa B (NF-κB) inhibitor from the original chemical 
library of Tohoku University, which contains 6,080 unique 
compounds, with high throughput screening; a dihydropyri-
dine derivative has the effect of suppressing inflammatory 
events by suppressing calcium influx in BV-2 cells in a 
microglial cell line.  Thus, the compound that we identified 
may be a possible new therapeutic agent against eye dis-
eases such as glaucoma that involve activated microglia.

Material and Methods
Cell culture, transfection, and test compounds

An HT22 cell line comprising mouse hippocampal 
neuronal cells was kindly provided as a gift by Prof. Yoko 
Hirata (Gifu University, Japan).  The cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM, 041-29775, 
FUJIFILM Wako Pure Chemical, Osaka, Japan) supple-
mented with 5% fetal bovine serum (FBS), 100 U/mL peni-
cillin, and 100 μg/ml streptomycin (1% Pen/Strep, Gibco, 
15140-122, Life Technologies, Waltham, MA, USA) at 
37°C with 5% CO2.  To establish HT22 cells stably express-
ing the NF-κB reporter gene (HT22/NF-κB/luc), the cells 
were transfected with pGL4.32 [luc2P/NF-κB-RE/Hygro] 
(Promega, Madison, WI, USA) vector using lipofectamine 
2000 transfection reagent (Thermo Fisher Scientific, 
Waltham, MA, USA).  The stably transfected cells were 
selected with hygromycin B (400 μg/ml, Nacalai Tesque 
Inc., Kyoto, Japan) for two weeks.  The 6,080 compounds 
were screened using a chemical library provided by the 

Department of Pharmacology, Tohoku University.  
Arctigenin was kindly provided by Dr. Yoshiyuki Hirata 
(Osaka Medical and Pharmaceutical University, Japan).

NF-κB reporter assay for first screening
To determine the effect of the compound on TNF-

mediated activation of NF-κB, 1 µl/well of a stock chemical 
compound (200 µM) was plated in a 384-well plate.  Next, 
the HT22/NF-κB/luc cells were seeded at a density of 2,000 
cells/well, and 2 µl/well of TNFα (500 ng/ml) were incubated 
overnight.  Luciferase activity was measured using the ONE-
Glo luciferase assay system kit (Promega) according to the 
manufacturer’s instructions.  Luminescence was measured 
with a PHERAstar plate reader (BMG Labtech, Ortenberg, 
Baden-Württemberg, Germany).  The relative luciferase 
activity of each group was compared to the control group.

Cell viability assay
To determine the effect of the compound on cell viabil-

ity, HT22/NF-κB/luc and BV-2 cells were seeded at densi-
ties of 5,640 cells/well and 5,000 cells/well, respectively, 
and were incubated overnight in 96-well plates.  The cells 
were pretreated with the compound for 6 hours.  Alamar 
blue reagent (Invitrogen, Carlsbad, CA, USA) was added, 
and the fluorescence intensity was measured (at 560 nm 
excitation and 590 nm emission) with an absorption spec-
trometer (Vmax; Molecular Devices, San Jose, CA, USA) 
as previously described (Sato et al. 2021).

Cytotoxicity detection
To inspect the toxic effect of compound #38, we mea-

sured cell injury with a Cytotoxicity LDH Assay Kit (CK12, 
Dojindo Molecular Technologies, Kumamoto, Japan) and 
an Alamar blue assay (DAL1100, Thermo Fisher Scientific).  
BV2 cells from an immortalized mouse microglial cell line 
(Interlab Cell Line Collection, Genova, Italy) were incu-
bated in a 96-well plate at a density of 5,000 cells/100 μl/
well overnight and were added to 25 μl of compound #38 
(2, 10, 50 μM) for 1 hour and 6 hours.  Then, 62.5 μl of 
supernatant was moved to another well, and 62.5 μl of LDH 
was added for 30 minutes to measure the extent of cell 
death.  Also, 6.25 μl of Alamar blue was added to the rest of 
the wells for 2 hours to measure the extent of cell survival.  

Microglial cell culture and test compound
BV2 cells were cultured in DMEM with 5% FBS, 1% 

Pen/Strep in an incubator at 5% CO2 and 37°C.  In the 
experiments to examine the anti-inflammatory effect of 
compound #38, BV2 cells were pretreated with the com-
pound for 1 hour and then treated with lipopolysaccharide 
(LPS; Sigma-Aldrich, St.  Louis, MO, USA; 0.24 μg/ml) 
for 6 hours after BV2 cells were incubated in a 96-well 
plate overnight in DMEM (5% FBS, 1% Pen/Strep).

Quantitative PCR
BV2 cells were seeded at a density of 5,000 cells/well 
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in 100 μl DMEM and cultured in a 96-well plate overnight.  
They were then treated with compound #38 (2, 10, 50 μM) 
for 1 hour and LPS for 6 hours.  Total RNA extraction and 
reverse transcription were conducted using the SuperPrep 
Cell Lysis and RT kit for qPCR (SCQ-401, Toyobo, Osaka, 
Japan) according to the manufacturer ’s protocol.  
Predesigned primers and probes purchased from Life 
Technology were used as follows, with the relevant genes 
in italics: Il-1β (Mm00434228_m1), Il-6 (Mm00446100_
m1), Ccl2 (Mm00441242_m1), Tnf-α (Mm00443258_m1), 
Gpr84 (Mm 02620530_s1) and Gapdh (Mm01256744_
m1).  The data were analyzed using the comparative Ct 
method (2-ΔΔCT) and normalized to the control, Gapdh.

Immunocytochemistry
BV2 cells were seeded at a density of 25,000 cells/

well in 500 μl DMEM and cultured in an 8-well slide cham-
ber (S6815-1PAK, Nunc Lab-Tek II - CC2) overnight.  
They then received compound #38 treatment for 1 hour 
before LPS treatment for 6 or 24 hours.  The cells were 
fixed in 4% paraformaldehyde at 4°C overnight.  After 
washing with 0.05% Tween-20 in PBS (Tw-PBS), the cells 
were treated in 0.5% Triton X-100 in 0.05% Tw-PBS for 10 
minutes to make the membrane transparent, blocked with 
10% donkey serum (D9663, Sigma-Aldrich) in 0.05% 
Tw-PBS at room temperature for 1 hour, and incubated with 
anti-phospho-NF-κB antibody (1:200 dilution, 8242S, Cell 
Signaling Technology, Danvers, MA, USA) at room tem-
perature for 1 hour.  After washing with 0.05% Tw-PBS, the 
sections were incubated with Alexa Fluor 488 conjugated 
goat anti-rabbit IgG antibody (1:500 dilution, A21206, 
Invitrogen) or in blocking buffer at room temperature for 1 
hour.  Each section was mounted with ProLong Diamond 
Antifade Mountant with DAPI (P36962, Invitrogen).  
Representative fluorescence images were captured with 
BZ-X810 (Keyence, Osaka, Japan).

Immunoblot
BV2 cells were seeded at a density of 300,000 cells/

well in 1 ml DMEM and cultured in a 6-well plate over-
night; they then underwent compound #38 treatment for 1 
hour before LPS treatment for 6 hours.  After the BV2 cells 
were collected for PBS in a phosphatase inhibitor (04 906 
845 001, Roche, Penzberg, Germany) and a protease inhibi-
tor (5871S, New England Biolabs, Ipswtich, MA, USA), 
they were separated into the nuclear fraction with a kit 
(Nuclear/Cytosolic Fraction kit, AKR-171, Cell Biolabs, 
San Diego, CA, USA) according to the kit protocol.  Total 
protein concentration was determined using the Pierce BCA 
Protein Assay Kit (23225, Thermo Fisher Scientific) and 
measured with a SpectraMax M2 (Molecular Devices).  
Protein from each sample was resolved by SDS-PAGE elec-
trophoresis at 180 V for 30 minutes, after which the sam-
ples were transferred to membranes with a Trans-Blot 
Turbo (BIO-RAD, Hercules, CA, USA) and blocked with 
1% skim milk at room temperature for 1 hour.  Membranes 

were incubated with anti-NF-κB antibody (1:5,000 dilution, 
3033S, Cell Signaling Technology) at room temperature for 
1 hour.  After washing with 0.05% Tw-PBS, the membranes 
were incubated with anti-rabbit HRP (1:5,000 dilution, 
A0545, Sigma-Aldrich) at room temperature for 1 hour.  
Next, the membranes were treated with ECL Prime western 
blotting detection reagents (RPN2232, GE Healthcare, 
Chicago, IL, USA) at room temperature for 5 minutes and 
captured by Chemi Doc XRS+ (BIO-RAD).  After washing 
the membranes with WB stripping solution (05364-55, 
Nacalai Tesque Inc), anti-lamin B antibody (1:5,000 dilu-
tion, A21206, Invitrogen) was used as a loading control, 
and donkey anti-goat HRP (1:5,000 dilution, SAB3700284, 
Sigma-Aldrich) was used as a secondary antibody for load-
ing control.

Calcium signal detection
BV2 cells were seeded at a density of 40,000 cells/

well in 100 μl DMEM and cultured in a 96-well F-bottom 
Poly-D-Lysine black plate (655946, Greiner Bio-One, 
Stonehouse, Gloucestershire, UK) overnight.  The cells 
were pretreated with 100 μl of 5 mM probenecid (p8761-
25G, Sigma-Aldrich), which is used to prevent calcium 
from flowing out of cells, for 1 hour before being incubated 
with the FLIPR Calcium 5 Assay Kit for 1 hour according 
to the kit protocol.  After that, compound #38 treatment (50 
μM) was conducted for 1 hour.  Measurement of intracellu-
lar Ca2+ levels in BV2 cells that underwent the above treat-
ment was conducted simultaneously with LPS stimulation 
with a FlexStation 3 (Molecular Devices).  

Statistical Analysis
All statistical comparisons were performed with a 

parametric one-way analysis of variance (ANOVA) using 
Prism9 software.  Group differences were calculated with 
Dunnett’s test among three or more groups.  The signifi-
cance level was set at p < 0.05.

Results
High-throughput screening to identify anti-inflammatory 
compounds by inhibiting NF-κB activation 

First, we established an NF-κB reporter cell line to 
identify anti-inflammatory compounds from our chemical 
library.  TNF stimulation can activate NF-κB in HT22 cells, 
and we evaluated the inhibitory response of NF-κB activa-
tion using 6,080 compounds.  Using 10 µM of each com-
pound, we defined the criterion for a hit as “a compound 
whose NF-κB activity is less than the mean –3 standard 
deviations (SDs) of all compounds.” Thus, we used 58.76% 
as the criterion for NF-κB activity; as a result, 44 hit com-
pounds were selected for the next step (Fig. 1).  Second, we 
evaluated whether the effect on cell viability of NF-κB inhi-
bition in the first screening was due to cytotoxicity.  We re-
examined the NF-κB activity using 10 µM of each com-
pound, and determined cell viability with an Alamar blue 
assay.  We used arctigenin as a positive control, as it can 
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attenuate neuroinflammation by suppressing NF-κB translo-
cation into nuclei and blocking cytokine expression (Xu et 
al. 2020).  In the second screening, we set the criterion for a 
hit as “a compound whose NF-κB activity is less than the 
mean –3 SD of TNF-treated cells and a compound whose 
cell viability is more than the mean –3 SD of TNF-untreated 
cells.” Arctigenin met the screening criteria that we set for 
NF-kB inhibition and low cell toxicity.  We selected 22 hit 
compounds that had ≤ 87.3% NF-κB activity and ≥ 78.6% 
cell viability (Fig. 2).  Third, we tested if different concen-
trations (0.1, 1, 10 50 µM) of the compound had a gradually 
increasing NF-κB inhibition effect in HT22 cells (Fig. 3, 
Supplementary Table S1).  Arctigenin showed the ability to 
inhibit NF-kB activity in a dose-dependent manner, and 

showed no cell toxicity, even at a high dose.  In this test, 4 
compounds were selected as hits (#24, #26, #38, and #39) 
based on the following criteria: greater cell viability in the 
negative control (TNF-), i.e., mean –3 SD at a 1-µM dose 
of the compound, and less NF-κB activity in the positive 
control (TNF+), i.e., mean –3 SD at a 1-µM dose of the 
compound.  Finally, we evaluated Ccl2 expression to con-
firm the proinflammatory response against LPS-stimulated 
BV2 microglial cells (data not shown); we found that com-
pound #38 was the best at suppressing microglial activa-
tion.  Compound #38 has a dihydropyridine backbone (Fig. 
4A).  It has been also reported that even existing drugs that 
have dihydropyridine skeletons, such as nifedipine (Huang 
et al. 2014) and nicardipine, have the effect of suppressing 

Fig. 1.  First screening for the compound with a luciferase reporter gene assay.  
 The luciferase activity of the reporter genes in each compound was measured using a luciferase assay system and cor-

rected using cells that were treated with 0.5% DMSO (v/v) as a control group.  Each dot shows a compound, with a total 
of 6,080 compounds.  Hit criteria were set up for each 384-well plate, and 44 hits were selected.  The black line shows 
the hit criteria average across all plates (= 58.76%).

Fig. 2.  Hit confirmation with the luciferase reporter gene and the Alamar blue assay.  
 The scatter plot shows a total of 44 compounds; 22 hit compounds were selected according to ≤ 87.3% NF-κB activity 

and ≥ 78.6% cell viability.  The dotted line shows each hit criterion.  Hits (black circles), non-hits (white circles), and 10 
µM Arctigenin (ARC; white square) are also shown.
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microglial inflammation (Huang et al. 2014; Espinosa-
Parrilla et al. 2015).  Thus, we next evaluated the effect on 
the anti-inflammatory response and its mechanisms. First, to 
evaluate the cytotoxicity of compound #38, we conducted a 
cytotoxicity LDH assay and an Alamar blue assay.  Even 
with treatment with 50 μM of compound #38, the cell death 
rate in the cytotoxicity LDH assay and cell viability in the 
Alamar blue assay did not significantly change; there was no 
cytotoxic effect in BV2 microglial cells (Fig. 4B, C).

Compound #38 suppressed mRNA expression of inflammatory 
mediators in LPS-stimulated BV-2 cell lines 

Previous research reported that LPS stimulation 

increased the expression of inflammatory cytokines and 
chemokines (Puntambekar et al. 2011; Bao et al. 2019).  To 
evaluate the anti-inflammatory effect of compound #38, we 
compared the expression of inflammatory cytokine mRNA 
at various concentrations (2, 10, 50 μM) of compound #38.  
We found that the expression of Il-1β, Il-6, and Tnf-α was 
elevated by LPS stimulation and suppressed by treatment 
with compound #38 in a dose-dependent manner (Fig. 
5A-C).  Moreover, compound #38 also reduced the expres-
sion of Gpr84, a marker of neurotoxic retinal microglia 
under LPS stimulation in BV-2 cells (Fig. 5D).  These 
results indicate that compound #38 has anti-inflammatory 
effects in microglial cells and mostly suppresses the expres-

Fig. 3.  The dose-dependent effect on NF-κB activity and cell viability of the candidate agents.
 Each compound was assessed at four concentrations (0.1, 1, 10, 50 µM).  NF-κB activity (black circles) and cell viabili-

ty (blue triangles) are indicated.  Error bars represent SDs (N = 2 for each concentration).

Fig. 4.  Evaluation of the cytotoxicity of compound #38.
 (A) Chemical structure of compound #38.  Histogram showing cell death rate (B) and cell viability (C) assessed after 

treatment with compound #38 (0, 2, 10, 50 μM) for 60 min before application of LPS (0.24 μg/ml) for 6 h, represented 
as quantitative data from the cytotoxicity LDH assay and Alamar blue assay.  This statistical analysis used Dunnett’s 
test.  The results are expressed as mean ± SD.  N = 8.
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sion of inflammatory cytokine mRNA at 50 μM.

Compound #38 suppressed NF-κB phosphorylation and 
nuclear translocation

To demonstrate the mechanism of compound #38’s 
inhibition of the inflammatory response, we next examined 
whether compound #38 inhibited NF-κB phosphorylation 
and nuclear translocation.  Previous research demonstrated 
that LPS stimulation may increase NF-κB phosphorylation 
and translocation (Li et al. 2019; Wu et al. 2020).  
Immunocytochemistry analysis showed that LPS increased 
NF-κB phosphorylation in BV2 cells, and pre-treatment 
with compound #38 suppressed LPS-induced NF-κB phos-
phorylation.  Furthermore, as seen in Fig. 6A, it seems that 
compound #38 also suppressed NF-κB nuclear transloca-
tion.  To quantitatively evaluate the extent of NF-κB nuclear 
translocation, we conducted an immunoblot analysis.  The 
results showed that LPS increased NF-κB nuclear transloca-
tion in BV2 cells, and pre-treatment with compound #38 

suppressed LPS-induced NF-κB nuclear translocation (Fig. 
6B).  We quantified the immunoblot results and summarized 
them in a graph.  NF-κB nuclear translocation was signifi-
cantly increased by LPS and suppressed by compound #38 
(Fig. 6C).  The results described above suggest that the anti-
inflammatory effect of compound #38 is due to the suppres-
sion of NF-κB phosphorylation and nuclear translocation.

Compound #38 suppressed LPS-induced calcium changes
We further studied the mechanism of the anti-inflam-

matory effect of compound #38.  We conducted experi-
ments to determine the compound’s effect on calcium 
influx, because it has a dihydropyridine skeleton that is 
expected to work as an L-type calcium channel blocker 
(Huang et al. 2014).  It was previously reported that LPS 
stimulation increases the influx of calcium in BV2 cells 
because LPS stimulation activates the L-type calcium chan-
nel, which is largely expressed in microglia like BV2 
(Saddala et al. 2020).  We demonstrated that compound #38 

Fig. 5.  Inhibitory effect of compound #38 on LPS-stimulated inflammatory mediators.
 Transcriptional levels of Il-1β (A), Il-6 (B), Tnf-α (C) and Gpr84 (D) in BV2 cells pretreated with compound #38 (2, 10, 

50 μM) for 1 h before application of LPS (0.2 μg/ml) for 6 h.  This statistical analysis used Dunnett’s test.  The results 
are expressed as mean ± SD.  N = 4-8, *p < 0.05, **p < 0.01, ****p < 0.0001.
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suppresses LPS-induced calcium influx.  We found that cal-
cium influx in BV2 cells was significantly increased by LPS 
stimulation, and this LPS-induced calcium influx was signifi-
cantly suppressed by treatment with compound #38 (Fig. 7).

Discussion
Microglia play important roles in combating infection, 

clearing cellular debris, maintaining tissue homeostasis, and 
contributing to progress of neurodevelopmental programs 
(Cowan and Petri 2018; Prinz et al. 2019).  On the other 
hand, hyperactivation of microglia results in increasing pro-
duction of proinflammatory mediators that may cause neu-
rodegenerative diseases (Hickman et al. 2018), including 
Alzheimer’s disease (Hansen et al. 2018; Rajendran and 
Paolicelli 2018), Huntington’s disease (Palpagama et al. 
2019), Parkinson’s disease (George et al. 2019), prion dis-
ease (Carroll and Chesebro 2019).  Reactive microglia are 
associated not only with brain diseases, but also eye dis-
eases such as uveitis (Okunuki et al. 2019; Yuan et al. 
2019), photoreceptor degeneration in retinal detachment 
(Wang et al. 2021), diabetic retinopathy (Hu et al. 2022), 
and glaucoma (Ishikawa et al. 2023).  In such diseases, the 
central nervous system becomes a highly steroidogenic 
environment that synthesizes steroids, and it also metabo-
lizes steroids deriving from the circulation (Yilmaz et al. 
2019).  In addition to steroid production in the body, the use 
of steroid medication suppresses neuroinflammation.  

Fig. 7.  Inhibitory effect of compound #38 on LPS-induced 
calcium influx.  

 The histogram shows calcium influx in BV2 cells as-
sessed after treatment with compound #38 (50 μM) and 
the FLIPR Calcium 5 Assay Kit and probenecid.  Mea-
surement of calcium influx in BV2 cells was conducted 
simultaneously with LPS stimulation (0.2 μg/ml).  This 
statistical analysis used Dunnett’s test.  The results are 
expressed as mean ± SD.  N = 8, **p < 0.01, ****p < 
0.0001.

Fig. 6.  Suppressive effect of compound #38 on NF-κB nuclear translocation and phosphorylation.  
 (A) Representative immunofluorescence images showing the distribution of p-NF-κB after treatment with compound 

#38 (50 μM) for 1 h and LPS (0.2 μg/ml) for 6 h.  Scale bar is equal to 20 μm.  Immunoblot images (B) and histogram 
(C) for NF-κB in the nuclear fraction after treatment with compound #38 (50 μM) for 1 h and LPS (0.2 μg/ml) for 6 h.  
This statistical analysis used Dunnett’s test.  The results are expressed as mean ± SD.  N = 6, *p < 0.05, **p < 0.01.
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However, in individuals susceptible to steroids, steroids can 
cause a clinical condition similar to primary open-angle 
glaucoma.  Once this disease occurs, surgery and gene ther-
apy may be needed (Razeghinejad and Katz 2012).  
Therefore, non-steroidal anti-inflammatory medicine for the 
microglia is needed.  Compound #38, which was screened 
in this experiment, does not have a steroidal skeleton, but 
rather a dihydropyridine skeleton.  Thus, compound #38 
can be used as an anti-neuroinflammation drug even in 
patients who have neuroinflammatory disease and are ste-
roid responders.  

Dihydropyridines are broadly used to block L-type 
voltage-dependent Ca2+ channels (L-VDCCs) and protect 
against cardiovascular diseases (Hopp 2021).  Currently, 
dihydropyridines are also being examined for use in several 
central nervous system diseases.  For example, intracellular 
Ca2+ and cytokine production were found to be elevated in 
cultured microglia stimulated with amyloid β or prion pro-
teins, and these events were blocked by nifedipine, a type 
of dihydropyridine (Silei et al. 1999).  In fact, activated 
microglia express L-VDCCs in vivo, and their L-VDCCs 
are functionally associated with cytokine release and the 
phagocytic capacity of BV2 cells in vitro (Espinosa-Parrilla 
et al. 2015).  LPS, a ligand for TLR4, is a well-known acti-
vator that promotes pro-inflammatory cytokine release from 
microglia, and it is suppressed by Ca2+ chelators or indirect 
blockade of Ca2+ entry, suggesting that Ca2+ is an essential 
regulator of microglial phenotypes (Hoffmann et al. 2003; 
Dolga et al. 2012).  Nimodipine, a kind of dihydropyridine 
used as an L-VDCC blocker, inhibits the production of pro-
inflammatory cytokines such as TNF and IL-1β in LPS-
stimulated microglia (Li et al. 2009).  Details of the mecha-
nism by which the L-VDCCs are regulated in LPS-
stimulated microglia are still unclear; however, the 
accumulated evidence mentioned above demonstrates that 
Ca2+ influx in LPS-stimulated microglia is involved with 
L-VDCC opening, which supports our current results.

Cytosolic Ca2+ modulates intracellular signaling with 
calcium binding proteins such as adaptor molecule 1, 
calmodulin, and calcineurin (Hopp 2021).  In particular, the 
inflammatory state of the microglia is regulated by nuclear 
factor of activated T cells (NFAT) via calcineurin binding 
with Ca2+ (Kurland et al. 2016).  Rising intracellular cal-
cium concentration also causes NF-κB phosphorylation and 
nuclear translocation (Huang et al. 2014; Saddala et al. 
2020).  Phosphorylated NF-κB in the nucleus promotes the 
transcription of inflammatory cytokine mRNA and activates 
the microglia, which causes neuroinflammation (Lipscombe 
et al. 2004; Madore et al. 2020).  Compounds that have a 
dihydropyridine skeleton, such as compound #38, suppress 
L-VDCC opening (Gao and Yan 2021).  Overall, compound 
#38 showed an anti-inflammatory effect by suppressing 
LPS-induced L-VDCC opening, reducing the influx of cal-
cium, constricting the phosphorylation and nuclear translo-
cation of NF-κB, and restraining the release of inflamma-
tory substances.  In addition to extracellular Ca2+ influx, 

intracellular Ca2+ regulation is also important for regulating 
microglial phenotypes.  It is well known that the endoplas-
mic reticulum (ER) has an important role in Ca2+ storage 
and regulates Ca2+ levels in cells.  Ryanodine receptors 
(RyRs) regulate Ca2+ release from the ER, and RyR antago-
nists can rescue microglia from the neurotoxic phenotype 
under LPS stimulation (Klegeris et al. 2007).  Past studies 
also demonstrate that not only L-VDCCs, but also intracel-
lular signaling receptors, such as the inositol trisphosphate 
receptors and RyRs, are also important targets to prevent 
microglial activation.

Our previous study demonstrated that retinal microglia 
are activated during RGC death in several models of retinal 
damage, such as ischemia/reperfusion, excitotoxicity, and 
optic nerve crush (Sato et al. 2020a, 2021, 2023).  
Compound #38 in particular can suppress the elevation of 
Gpr84, which we newly identified as a marker of neurotoxic 
retinal microglia expressing TNF/IL-1α.  We recently 
reported that deleting GPR84 in mice attenuated RGC death 
in an IOP-independent glaucoma model (Sato et al. 2023).  
We previously developed a drug delivery system (DDS) to 
continuously release drugs for RGC protection in rats that 
received optic nerve injury (Sato et al. 2020b).  DDSs such 
as our newly developed device may help compound #38 
effectively and continuously reach the RGCs.  An experi-
ment to investigate this will be needed in the future.

In conclusion, calcium channel blockers like com-
pound #38 can be useful as a treatment for various inflam-
matory diseases involving the microglia.  Therefore, the 
results of this screening study, which revealed compound 
#38 as a valid hit, show that we were able to discover a new 
substance with anti-inflammatory effects against microglia.
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